Introduction: Current knowledge indicates that there is a close connection between being overweight, obesity and iron metabolism disorders, but the underlying mechanism is unclear. Hepcidin could be a major contributor to poor iron status observed in the obese population.
Introduction
Current knowledge indicates that there is a close connection between being overweight, obesity and iron metabolism disorders, but the underlying mechanism is unclear [1] [2] [3] [4] [5] [6] . It has been noticed that the diet of obese people consists mainly of high fat and high carbohydrate meals with low value of Index of Nutritional
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Quality [INQ] for iron [7, 8] . Moreover, the hypoferremia development in obese individuals could be a consequence of obesity-associated low-grade inflammation [9, 10] . Adipose tissue is a very active endocrine organ secreting numerous hormones and cytokines associated with important systemic effects on different metabolic processes [9, 10] . Studies available in the literature indicate that adipose tissue of obese patients produced an increased amount of proinflammatory cytokines contributing to the development of a lowgrade systemic inflammation in these patients [7, 10] .
Research by Bekri et al. [5] pointed out that adipocytes are the direct source of hepcidin, a peptide made up of 25 amino acids that plays a central role in the regulation of iron homeostasis. The major action of hepcidin is to internalise and degrade the iron efflux transporter ferroportin expressed on all iron-exporting cells [11] . So, a high hepcidin level leads to the suppression of intestinal iron absorption and iron release from macrophages and hepatocytes, whereas a low concentration of hepcidin leads to acceleration of iron release from these cells [11] [12] [13] [14] [15] [16] . As a result, increased hepcidin production may cause sideropenia [15, 16] . Hepcidin is a peptide synthesised mainly in the liver [17] [18] [19] . Hepatic hepcidin gene expression is more responsive to changes in erythropoiesis activity or iron intake rather than to changes in body iron stores [20] [21] [22] . It remains unknown whether the same regulatory factors also control the 'adipose tissue-derived pool of hepcidin'. Recent studies indicate that IL-6, leptin and other inflammatory mediators may increase hepcidin concentration in human serum through the JAK2/ /STAT3 signalling pathway [6, 23] . Obesity-related low grade inflammation followed by increasing hepcidin concentration may reduce iron bio-availability [18] [19] . Therefore, hepcidin could be a major contributor to poor iron status observed in the obese population.
The aim of this work was to compare serum prohepcidin and iron metabolism parameters in obese and non-obese elderly individuals.
Material and methods
The study group consisted of 58 obese elderly individuals (24 males, 34 females) between 65 and 91 years of age (mean age of 78.92 ± 8.32) admitted to the Department and Clinic of Geriatrics, Nicolaus Copernicus University in Toruń, Collegium Medicum in Bydgoszcz. Obesity was defined as a fat mass percentage (%FM) ≥ 25% in males and ≥ 33% in females [24] . Men with a %FM = 17-25% and women with a %FM = 22-33% were classified as normal body fat content (non-obese). Based on the Hgb levels below 12 g/dL in females and 13 g/dL in males (WHO criteria), 36 obese individuals (62%) were diagnosed with normo-or microcytic anaemia. For this reason, the study group of obese individuals was divided into two subgroups: Group I -obese, without anaemia N = 22, and Group II -obese, with anaemia N = 36.
The peripheral blood samples were taken after the diagnosis of anaemia had been made, but prior to treatment being provided.
The control group consisted of 15 healthy non-obese elderly volunteers (F/M 9/6) between 55 and 78 years of age (mean age of 66.57 ± 8.81), who came to the outpatient geriatric clinic in order to perform a complex geriatric examination (Group III).
We excluded from the control group those people who had chronic inflammatory diseases and patients with: anaemia, undernutrition, cancer, rheumatic disorders, inflammatory bowel diseases, endocrine diseases and those treated with steroid or non-steroidal antiinflammatory drugs.
Anyone who had taken any vitamin or mineral supplements was excluded from the research.
All procedures in the study were approved by the Local Ethics Committee. Informed written consent was obtained after the purpose, nature, and potential risks had been explained to the subjects.
Analytical methods
Serum was stored at -80°C until analyses. Levels of prohepcidin were determined by a stable enzyme-linked immunosorbent assay (ELISA) (DRG Instruments GmbH, Germany). Serum ferritin was quantified using the DRG Ferritin kit (EIA-1872, DRG International, Inc., USA). Serum erythropoietin was determined by the EPO ELISA kit (Roche Diagnostics GmbH, Mannheim, Germany).
Serum iron concentration was measured on the Architect c8000 System (Abbott Laboratories, IL, USA). C-reactive protein concentration in serum was determined by using BN TM II Systems (Dade Behring). Haemoglobin concentration was analysed in the routine diagnostic by using the Sysmex XE-2100.
Nutritional status was carried out based on the measurements of body mass (kg), body height (cm) and thickness of four skinfolds (mm): over biceps (BSF), triceps (TSF), suprailiac (SISF) and subscapular (SCSF). The body mass measurement was carried out using a Radwag physician scale, with electronic reading scale and measurement accuracy of 0.01 kg. Height was measured, and skinfolds thickness using a skinfold caliper made by Siber Hegner & Co. Ltd (measurement accuracy of 0.1 cm). The body mass index (BMI) was calculated by dividing the weight by the height squared (kg/m 2 ). Fat mass percentage in the body (%FM) was calculated on the basis of weight measurements and the sum of four skinfolds thickness, according to the Iron metabolism parameters in obese and non-obese elderly individuals Justyna Przybyszewska et al.
Durnin and Wormsley formula [25] . The values of somatic parameters were interpreted for each person individually according to sex with reference [24, 25] .
Statistical analysis
All statistics were conducted using Statistica software, version 8.0 (Stat-soft, Krakow, Poland). The normal distribution of variables was evaluated using W-ShapiroWilk test. Results are presented as mean ± standard deviation (SD) when the data demonstrated a normal distribution, or as medians [Q 1 (lower quartile) to Q 3 (upper quartile)] due to their being abnormally skew of the data. The following statistical tests were used in the study: one-way ANOVA and post-hoc tests. The relationships between the examined parameters were determined by Spearman's rank-order correlation. A p value of < 0.05 was considered statistically significant.
Results
There were non-significant differences in levels of haematological and biochemical parameters between all the study groups as regards sex (p > 0.05). Therefore, the study results do not take into account the statistical distribution of sex. As expected, mean values of the fat mass percentage in the body (%FM) were significantly higher in the obese elderly patients (with anaemia and without anaemia) compared to healthy non-obese controls. Similarly, mean BMIs were significantly greater in the obese groups (with anaemia and without anaemia) compared to the controls. The haemoglobin concentration in obese patients with anaemia was the lowest among all groups (Table I) . In our study we demonstrated that prohepcidin concentrations were significantly increased in obese elderly 
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individuals without anaemia (Group I) (Me = 293.29 ng/mL) compared to obese and anaemic individuals (Group II) (Me = 224.85 ng/mL) as well as non-obese volunteers (Group III) (Me = 151.38 ng/mL). There were non-significant differences between obese patients with anaemia and non-obese controls regarding prohepcidin levels (p > 0.05).
Both EPO and CRP were significantly higher in elderly obese patients with anaemia (Group II) compared to the obese non-anaemic patients as well as the controls (Table I) . No significant difference in serum EPO and CRP concentrations was found between obese non-anaemic and non-obese non-anaemic patients. Similarly, no statistically significant difference in iron concentrations was found among these two groups (I and III). The concentration of iron was the lowest in the group of obese patients with anaemia. Elevated ferritin levels were found in the patients with obesity (with anaemia (57.48 ng/mL) and without anaemia (41.72 ng/mL) compared to non-obese individuals (11.40 ng/mL) ( Table I ).
In the whole group of obese individuals, with and without anaemia, serum prohepcidin levels were positively correlated with fat mass percentage (r = 0.32; p = 0.02) (Fig. 1) . In the group of non-obese elderly patients, prohepcidin was not related to any parameters studied.
Discussion
Obesity is defined as an excess of body fat, which increases the risk of many diseases and premature mortality. Currently, the most commonly used diagnostic indicator of obesity is body mass index (BMI). In addition, BMI has been widely used and accepted as a simple method to classify medical risk by weight status. The results show that BMI provides a measure of the relation between height and weight and correlates with body fat percentage in young and middle-aged adults [26] [27] [28] . In elderly people, age-related changes in body composition (i.e. decrease in lean body mass and increase in fat mass) and loss of height caused by compression of vertebral bodies and kyphosis [26, [28] [29] alter the relation between BMI and percentage body fat. In addition, especially for those in late old age and / or very late or hospitalised patients, are observed disturbances in water and electrolyte balance. In view of this, we must remember that dehydration will affect weight loss and decrease in BMI. On the contrary, hyperhydration, which may be the result of, inter alia, too intensive fluid therapy, will increase BMI value. Therefore, changes in body composition would tend to underestimate fatness, whereas the loss of height would tend to overestimate fatness. Therefore, in our study, obesity was defined based on the individual values of the percentage of body fat (Durnin and Wormsley formula) [25] .
An obesity impact on the prohepcidin level was observed for the first time by Lainé et al., who reported that obese women with classical haemochromatosis do not have a phenotypic expression of the disease. They suggested that the adipose tissue, via a yet unknown mechanism involving hepcidin, can affect iron homeostasis [30] . This hypothesis was proven a year later by Bekri et al.'s research on the in vitro human adipocytes culture [5] . These authors discovered that hepcidin is a pro-inflammatory adipokine having great importance in sideropenia development in obese patients. They observed increases of hepcidin mRNA level and hepcidin concentration, in adipose tissue. Additionally, hepcidin mRNA expression was observed to positively correlate with IL-6 and C-reactive protein concentrations, and to increase in the adipose tissue of considerably obese patients [5] . A complementary study was performed by Chung et al., where it was demonstrated that a line of human hepatoma cells [HuH7] treated with leptin resulted in the increase of hepcidin expression, depending on both exposition time and the leptin dosage [6] . Leptin, a hormone secreted by the white adipocytes, up-regulated hepcidin gene expression by means of leptin receptor [Ob-Rb receptor] connected to the JAK2/ /STAT3 cell signalling pathway [6] .
In the present study, we investigated serum prohepcidin concentration and iron status indices in obese elderly individuals. We observed that 62% of obese persons had normocytic or microcytic anaemia. Our findings seem to agree with recent studies which indicate that anaemia in the elderly is a common medi- cal problem [31] . Epidemiological studies show that the prevalence of anaemia increases with age, with a marked increase above the age of 60 [32] . In our study, we observed significantly increased circulating prohepcidin in obese individuals compared to non-obese. Our findings seem to agree with the observations of Tussing-Humphreys et al. [33] who reported that obese premenopausal women have significantly higher serum hepcidin levels compared to nonobese women with similar serum parameters of iron status. Also del Giudice et al. [34] and Sanad et al. [35] , in studies carried out in children aged 7-11 years, observed a significantly higher concentration of hepcidin in the obese. The results suggest that body fat content does have an impact on prohepcidin and hepcidin concentration, and therefore on iron homeostasis. A strong argument in support of this thesis is a statistically significant correlation between prohepcidin and fat mass percentage (%FM) observed in the whole group of obese individuals. Increased prohepcidin concentration in obesity can be explained in the most part as a result of its synthesis by a large amount of adipocytes. In addition, we should not exclude a chronic low-grade inflammation state inducing prohepcidin production. In our preliminary study, CRP was only slightly elevated in the group of obese people with anaemia. However, ferritin was increased in all obese individuals.
According to up-to-date research, the main factors regulating hepcidin expression in the liver are the stimuli signalling increased erythropoiesis i.e. hypoxia, and low transferrin saturation [20] [21] [36] [37] .
The crucial problem for research, as well as clinical purposes, is whether this regulatory mechanism occurs in all cells involved in hepcidin production (including adipocytes) or is limited to hepatocytes. Bekri et al. established the lack of a positive feedback mechanism within the adipose tissue to control hepcidin secretion as a reaction to a low transferrin saturation. This mechanism has been observed only in the liver cells colony [5] . On the other hand, the lack of restraining impact of hypoxia on hepcidin expression in cardiomyocytes of rats was observed by Merle et al. In this study, the researchers noticed that hypoxia resulted in a significant increase of hepcidin mRNA levels and the concentration of the hormone itself, within the cardiac muscle. In contrast, the liver hepcidin expression decreased as a reaction to hypoxia [37] . All the results suggest that factors related to anaemia, such as tissue hypoxia and a decrease in transferrin saturation, have a negative effect on hepcidin production only in the hepatocytes, and that the regulation of hepcidin expression is possibly tissue-specific. Research indicates that hepcidin expression in adipose tissue is probably stimulated rather by inflammatory stimuli than by iron [38] .
According to our research, obese individuals with anaemia had significantly lower iron levels and increased EPO as a result of induced erythropoiesis, secondary to iron deficiency in its active metabolic pool. In this group, we observed significantly lower prohepcidin levels compared to obese individuals without anaemia, but higher compared to non-obese volunteers.
This observation may have important clinical implications, i.e. it is well known that hepcidin expression is more than 100-700-fold higher in hepatocytes than in adipocytes [18, 33] . However, when adipose tissue mass is significantly increased, 'adipose tissue-derived pool of hepcidin' becomes relevant. Analysing the results of previous studies [5, [33] [34] [35] 39] it can be concluded that obesity, especially abdominal, may be associated with increased systemic hepcidin concentrations and iron dysregulation. In this case, anaemia accompanied by central obesity can have a negative impact on the course of the disease as well as the effectiveness of its treatment.
Worth mentioning in our current study is the fact that there was no difference in prohepcidin concentration between obese patients with anaemia and the control group (non-obese without anaemia). We suggest that two factors may have an impact on prohepcidin production in this study group (II): obesity and anaemia. Obesity, as we concluded in our previous study, increases prohepcidin concentration [40] . In contrast, anaemia related factors decrease hepatic prohepcidin expression [20, 21, 36, 37] . Such interaction, two oppositely acting factors, may lead to a state of balance in the level of circulating hepcidin (Fig. 2) . As a result, in our group of obese patients with anaemia, prohepcidin levels were similar to values observed in the control group (non-obese without anaemia).
A potential limitation of our preliminary study is the fact that we have measured a prohormone (prohepci- 
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din) of an active peptide (hepcidin). Further studies including quantification of hepcidin are needed to completely clarify the relative impact of adipose tissue on circulating hepcidin concentrations. Future studies should be conducted on comparatively larger populations of obese elderly patients.
It would also be very interesting to investigate whether long-term weight loss reduces inflammation and hepcidin concentration, consequently improving iron status in obese patients.
Conclusion
The results of our study suggest that obesity increases prohepcidin levels in elderly patients. Moreover, the coexistence of obesity and anaemia reduces prohepcidin levels to values observed in elderly non-obese patients without anaemia.
